The existence of several different a-glucosidases has recently been demonstrated in extracts of pig intestinal mucosa (1) (2) (3) (4) (5) (6) (7) . These enzymes have varying specificity for disaccharides with a-D-glucopyranoside structure (e.g., maltose, sucrose, isomaltose, trehalose), and thus the intestinal hydrolysis of these sugars is caused by a more complicated enzyme mixture than had been previously believed (8, 9) .
The 8-glucosidase and /3-galactosidase activities of extracts of pig intestinal mucosa, in contrast, seem to be exerted by one enzyme, intestinal lactase (10, 11) .
It is not known whether the specificity of the human intestinal disaccharidases parallels that of the pig enzymes. This question is of clinical importance, however, since several cases of hereditary inability to digest certain disaccharides have been recently described, and are apparently caused by inherited deficiency of single intestinal disaccharidases (12) (13) (14) (15) (16) (17) (18) (19) .
Since the human intestinal content, obtained by a catheter during the digestion of a meal, contains essentially no disaccharidases (20, 21) , this material cannot be used for the study of the specificity of these enzymes. Therefore homogenates have been prepared of human intestinal mucosa, obtained from pieces of small intestine cut out during surgical operations. These homogenates had powerful disaccharidase activities, and the specificity of the enzymes responsible for these activities has been studied by heat inactivation.
MATERIALS AND METHODS
Homogenates of human intestinal mucosa. Two samples were obtained, one from the distal part of the jejunum, and the other from the distal part of the ileum. 1) Jejunal sample, from a 40 year old woman; resection of the middle part of the small intestine was indicated by an intestinal tumor. From an 8-cm piece of normal intestine, located in the distal decimeters of the jejunum, 1.6 g of mucosa was scraped off with a glass slide. The mucosa was homogenized for 1 minute in an Ultra-Turrax homogenizer with 4.8 ml of 0.9 per cent NaCl, the tube being chilled with crushed ice during homogenization. After removal of nuclei and greater cell debris by centrifugation in an ordinary laboratory centrifuge (Wifug, rotor no. 103-30A, 4,000 rpm) for 10 minutes, the opalescent supernate, which contains the disaccharidases (22) , was used for analysis. 2) Ileal sample, from a 26 year old woman suffering from chronic ulcerative colitis; reoperation of ileocecal anastomosis indicated by abdominal abscess. A 15-cm piece of the distal part of the ileum was removed. The intestinal wall of this piece showed considerable induration, but the mucosa appeared macroscopically normal; 3.0 g of mucosa was obtained by scraping with a glass slide. The mucosa was homogenized as described above with 9.0 ml of 0.9 per cent NaCl.
Assay of disaccharidase activities was performed by the methods previously described (23, 24) using the Tris-glucose oxidase reagent (24) . One unit of disaccharidase activity causes 5 per cent hydrolysis in 2.0 ml of 0.028 M substrate, which is equal to the formation of 1 mg monosaccharide (23) , in 60 minutes at 370 C and at optimum pH.
Assay of polysaecharidase activities was done as previously described (25) . One unit of amylase or dextranase activity catalyzes an increase in reducing power corresponding to 1 mg of disaccharide (monohydrate) in 60 minutes at 370 C, and may thus be compared with the unit for disaccharidase activity.
Assay of protein was performed by the method of Lowry, Rosebrough, Farr and Randall (26) with the modified reagent B introduced by Eggstein and Kreutz (27) . A standard curve was prepared with human serum albumin, kindly supplied by AB Kabi (Stockholm).
Heat inactivation. When a solution of an enzyme is heated at a sufficiently high temperature the enzyme is inactivated, following the kinetics of a first-order reaction. The temperature interval within which the velocity constant for the inactivation increases from zero (no measurable inactivation) to very high values (complete inactivation within a few minutes) is usually less than 100. Since the different glycosidases present in extracts of pig 463 intestinal mucosa have widely different sensitivities to heat, fractionated heat inactivation provided a useful method for the separation of these enzymes (3, 28, 29) .
The rate of the heat inactivation at a certain temperature is strongly dependent on the pH of the solution; thus an appropriate buffer must be added. It (3, 29) .
The heat inactivation properties of disaccharidase preparations of human intestinal mucosa described in this paper indicate that the human intestine contains disaccharidases which are essentially similar to the corresponding enzymes of the pig, although some differences are found. The chromatographic separation of the pig enzymes succeeded only with the use of a special technique-mutual displacement chromatography (29)-which demanded rather large amounts of enzyme material. The limited amount of enzyme available with human preparations prohibited separation experiments with this method. Chromatographic separation of the human disaccharidases will have to await the development of a suitable micromethod.
RESULTS
The homogenates had powerful disaccharidase activities. The relative rate of hydrolysis of different disaccharides was essentially the same as that reported earlier for preparations from the mucosa of the adult pig (23, 25) , except that the relative isomaltase activity of the human preparations was stronger and the trehalase activity somewhat weaker than in the pig (Table I) .
The lactase activity of the jejunal sample was strong, but this activity was practically absent in the ileal sample, indicating that lactase in the human is localized in the proximal part of the intestine as it is in the pig (25) . This is also in accordance with the finding that lactose is absorbed in the proximal part of he human small intestine (21) .
The cellobiase and gentiobiase activities in the two samples paralleled the lactase activity ( Table  I ), indicating that also in the human intestine ,8-glucosides and /3-galactosides may be hydrolyzed by a single enzyme (10, 11) . The amylase activity, in contrast to the disaccharidases, was weaker in the mucosal samples than in intestinal contents (21) , in harmony with the conception that this enzyme is mainly secreted from the pancreas (21, 25) . It cannot be stated whether the amylase present in the mucosal homogenates originates from the mucosa per se or from contaminating intestinal contents.
Dextranase which, like the disaccharidases, is located in the intestinal mucosa (25) , had activity comparable with that in preparations from pig mucosa.
Heat inactivation of the disaccharidases
A. Maltase activity. The course of the heat inactivation of the maltase activity of the homogenates did not follow first-order kinetics, indicating that the maltase activity was caused by a mixture of several enzymes with different sensitivities to heat. By heating at temperatures increased stepwise, the maltase activity could be divided into four different fractions (maltase Ia, Ib, II, and III 1), in order of increasing resistance to heat (Figure 1 ). The fraction of the total maltase activity in the homogenates that was produced by each of these enzymes is seen in Table II . As 1 By analogy with the pig enzymes (28, 29) , naming the two most heat-labile human maltase fractions Ia and lb seems more consistent than calling the human maltase fractions I-IV.
concluded from their sensitivity to heat and their relation to the invertase activity, maltase Ib, II, and III in these samples correspond to maltase I, II, and III, respectively, in the pig intestinal mucosa (3, 4, 29) . Thus there exists in the human intestine one further enzyme with maltase activity, maltase Ia. This new enzyme was inactivated parallel with the isomaltase activity (Figure 1 ), which may indicate that the maltase Ia and the isomaltase activities are produced by the same enzyme, a hypothesis that, of course, needs further experimental proof. This hypothetical enzyme was responsible for about half of the total maltase activity in the preparations of human mucosa (Table II) and accounted for essentially all of the isomaltase activity of the preparations. About 15 to 20 per cent of the invertase activity also was inactivated during heating at 450 C for 60 minutes ( Figure 1 ). The inactivation of this fraction of the invertase activity proceeded, however, more slowly than the inactivation of the maltase Ia and isomaltase activities, and thus there seems to be no reason to ascribe any measurable invertase activity to maltase Ia.
B. Invertase activity. The heat inactivation of invertase at all temperatures was in accordance with the kinetics of a first-order reaction, indicating that the human intestinal invertase activity, like that of the pig (3, 4, 6, 28) , is caused by a single enzyme. The human maltase lb activity was inactivated simultaneously with the invertase activity, and the invertase and maltase lb activity is probably caused by one enzyme, which seems to have properties similar to the pig maltase I (invertase) (6) . With this assumption the maltase/ invertase activity quotient for this enzyme was calculated to be 1.0, which may be compared with 0.7 for the pig enzyme (23 C. Isomaltase activity. The isomaltase activity also seemed to be caused by a single enzyme in the human preparations, as concluded from the kinetics of the heat inactivation. Like the specific isomaltase in the pig (31) , which in this species accounts for the major part of the isomaltase activity (7, 23) , the human isomaltase was inactivated with the most heat-sensitive disaccharidase fraction ( Figure 1 ). As concluded from the heat inactivation experiments, the human isomaltase and maltase Ia are caused by the same enzyme. If this is the case, there is a difference in specificity between the human and the pig isomaltase, for the specific isomaltase of the pig has no maltase activity (3, 7, 31) . The maltase/isomaltase activity quotient for the human enzyme was calculated to be 1.8.
Although the specific isomaltase in the pig accounts for the major part of the isomaltase activity (23), the pig maltase II and maltase III also produce weak isomaltase activity, caused by these enzymes per se (4, 30 (Figure 2) . At 520 C the trehalase activity was slowly inactivated, and thereby completely distinguished from the isomaltase, invertase, maltase Ia, and maltase lb activities, which were rapidly inactivated; and also from the maltase II and maltase III activities, which were not measurably affected ( Figure 2) . As in the pig (5) , therefore, the trehalase in the human intestine seems to be a specific enzyme, distinguished from the other human intestinal a-glucosidases.
E. Cellobiase and lactase activity. Both cellobiase and lactase activities were inactivated in accordance with the kinetics of a first-order reaction, and the inactivation of these activities ran parallel (Figure 3) . With the human enzymes it was thus indicated that a single intestinal disaccharidase may hydrolyze both /8-glucosides and ,8-galactosides, in accordance with previous results with the pig enzyme ( 10, 11 ) .
Comparison of the human intestinal disaccharidases with those of the pig The heat inactivation experiments indicate the existence of at least six different disaccharidases in the human small intestinal mucosa (Table III) . The main difference from the pig enzymes (3, 10) seems to be that the human isomaltase probably has considerable maltase activity, which the corresponding pig enzyme (specific isomaltase) has not (7, 31)). As a consequence, there exist in the human intestine not fewer than four different enzymes with maltase activity, as compared with three in the pig. There appears to be a developmental difference in the intestinal disaccharidases of the two species. The intestinal lactase activity is strong at birth in both species (11, 32) . In the newborn pig, however, the intestinal a-glucosidases are weak or absent, and these enzymes develop gradually during growth (11, 33, 34) . As a consequence, the newborn pig cannot utilize dietary sucrose or maltose (35) . The normal child, however, is able to utilize sucrose or maltose equally as well as lactose (17) (18) (19) , and invertase has been demonstrated in the intestine of the newborn child and the human fetus as early as the third month of intrauterine life (36) . The intestinal a-glucosidases of the human therefore appear to be already well developed at birth.
DISCUSSION
Implications of disaccharidase specificity for hereditary disaccharide intolerance Several cases have been recently described of inherited inability to utilize one or another disaccharide (12) (13) (14) (15) (16) (17) (18) (19) . These patients suffer from malnutrition and usually develop diarrhea on peroral ingestion of the disaccharide. No rise in blood sugar is noted in these patients on peroral administration of the disaccharide they cannot utilize, but the administration of the corresponding monosaccharides or other disaccharides is followed by the normal blood sugar response. In some cases the unhydrolyzed disaccharide has been demonstrated in the urine or in the feces ( 12, 14-16, 18) . Loss of weight, flatulence, abdominal pain, increased excretion of volatile fatty acids (formed by intestinal bacteria), vomiting, and renal acidosis have been reported, and the condition may be fatal. If the poorly tolerated disaccharide is excluded from the diet and replaced by monosaccharides or other utilizable carbohydrates, the symptoms disappear. Although enzymatic analysis of the intestinal mucosa of these patients has hitherto not been performed, there seems to be sufficient evidence for the conception that the disease is caused by inherited deficiency of single intestinal disaccharidases.
The enzyme deficiency is apparently compensated after the first years of life, but the mechanism for this is unknown (18) .
A. Disaccharide intolerance to be expected from deficiency of the different disaccharidases. Some of the intestinal disaccharidases act on more than one kind of substrate, and certain substrates are hydrolyzed by more than one intestinal enzyme. With the assumptions made above about the specificity of the human intestinal disaccharidases, certain predictions can be made about the disaccharidase intolerance to be expected from the deficiency of each of the different intestinal disaccharidases. Sucrose intolerance can occur by itself, without simultaneous intolerance for other disaccharides. Although the human intestinal invertase seems to be identical with maltase Ib, and consequently the absence of invertase will entail the absence also of the maltase Ib activity, the other maltases will be strong enough to ensure sufficient hydrolysis of maltose. Isomaltose intolerance for corresponding reasons also can occur as an isolated defect. Maltose intolerance cannot be caused by a single enzyme deficiency but demands the simultaneous lack of four different enzymes. Maltose intolerance will probably always be accompanied by intolerance for sucrose and isomaltose. Trehalose intolerance can occur separately, since intestinal trehalase is a specific enzyme without action on the other disaccharides. Lactose intolerance can occur without simultaneous deficiency in a-glu-cosidases, but will probably always be accompanied by cellobiose intolerance.
B. Nutritional importance of the different disaccharides. The clinical consequences of intolerance for (inability to utilize) a disaccharide will be dependent on the amount of this disaccharide present in the diet. Sucrose intolerance will give marked symptoms when the child begins to get a mixed diet, since sucrose is one of the major carbohydrate components in our food (37) . In artificial feeding of the newborn child sucrose is commonly added, and may thus initiate the symptoms in an invertase-deficient infant. Both maltose and isomaltose intolerance will interfere with the utilization of dietary starch (1, 2), which is the main source for these disaccharides and related oligosaccharides, formed by the action of amylase. Trehalose intolerance will give scarcely any clinical symptoms at all at any age, since trehalose is present only in very small amounts in our food (37) . This seems especially remarkable, since intestinal trehalase has very marked specificity for its substrate (5) . Lactose intolerance will cause severe malnutrition in the newborn child, especially if the child is breast fed, since lactose constitutes practically all of the carbohydrate in milk, and accounts for nearly 50 per cent of its caloric value. Cellobiose intolerance is associated with lactase deficiency. The cellobiase deficiency as such will not, however, be of any clinical importance, since cellobiose is not present in our diet in any significant amount (37) , and we possess no cellulase hydrolyzing cellulose to disaccharide. C. Comparison of theory with cases of disaccharide intolerance described. Prader, Auricchio and Murset (18) have described five patients with sucrose intolerance, all of whom had normal tolerance for maltose and lactose. These patients probably suffered from isolated deficiency of intestinal invertase. Weijers and associates (17, 19) described three patients with sucrose intolerance. Two of these patients, like those of Prader and coworkers, had normal tolerance for maltose and lactose, while the third showed intolerance also for maltose. The latter patient thus may be deficient in all the four different intestinal disaccharidases responsible for maltase activity (isomaltase = maltase Ia, invertase = maltase Ib, maltase II and maltase III). The tolerance for lactose was normal. This -patient seems to be the only case so far known in whom more than one disaccharidase was shown to be absent. In this patient isomaltose intolerance would also be expected, but no test with this disaccharide was described. In fact, no case of intolerance for isomaltose has so far been described, although this defect can be expected to cause clinical symptoms (decreased ability to utilize starch).
Trehalose intolerance has never been described, and as an isolated defect will probably not cause clinical symptoms.
Lactose intolerance, which was first described by Durand (12) , has hitherto been described in 11 patients (12-16) 2. In several cases this defect ran a fatal course (12, (14) (15) (16) , reflecting the nutritional importance of lactose for the young child. In no case has it been stated that cellobiose intolerance is involved, as would be expected from the specificity studies. Sucrose, maltose, and starch have been tolerated by these patients (13) .
The cases of disaccharide intolerance described above seem, with one exception, to have been caused by deficiency in a single intestinal disaccharidase. The findings concerning the specificity of the human intestinal disaccharidases agree well with the intolerance observed in these patients, so far as they have been investigated. In further work the possibility of isolated isomaltase deficiency has to be kept in mind as a possible cause of failure in the utilization of starch.
SUMMARY
Human intestinal mucosa homogenates hydrolyze a number of different disaccharides. Heat inactivation of the homogenates at varying temperatures in 0.01 M sodium phosphate buffer, pH 7.0, has indicated that these disaccharidase activities are accounted for by a mixture of at least six separate enzymes-namely, five different a-glucosidases, four of which have maltase activity, and lactase, which hydrolyzes both f8-glucosides and ,8-galactosides. The a-glucosidases separated are: maltase Ia (= isomaltase), maltase Ib (= invertase), maltase II, maltase III, and trehalase.
Hereditary deficiency of single intestinal disaccharidases is known to appear in children. From 2 Weijers, van de Kamer, Dicke and Ijsseling (19) have observed five further cases of this defect, which have not yet been described in detail.
